Background and Aims Helianthemum marifolium and H. caput-felis are two endangered plant species of the western Mediterranean. Several aspects of the reproduction of both species were examined to determine whether their rarity could be related to factors causing reproductive limitation.
I N T R O D U C T I O N
Information on the reproductive biology of endangered plants is crucial for predicting their survival capacity and establishing the appropriate measures for their conservation (Schemske et al., 1994; Delano€ e e et al., 1996; Bernardello et al., 2001) . Such studies may help to identify the factors that reduce the reproductive capacity of individual plants and the subsequent maintenance or regeneration of populations.
Successful plant propagation generally involves three consecutive events that are modulated by three different factors: pollination, seed dispersal (including seed predation) and seedling establishment. Pollination and seed dispersal often depend on mutualistic interactions with animals (Herrera and Pellmyr, 2002) . As such, a reduction in pollinator service can directly affect reproductive output, decreasing the quantity and/or quality of fruit and seed set (Å gren, 1996) and promoting selfing in self-compatible species (Erhardt and Jäggi, 1995; Washitani, 1996; Traveset et al., 1998) . In addition, seed dispersal may be limited, thus decreasing the probabilities of seed germination, escape from seed predators and/or seedling establishment (Rey and Alcántara, 2000; Traveset et al., 2003) . In a broad sense, an increase in selfing rate or a reduction of seed dispersal results in a reduction in gene flow within and/or among populations and may thus cause an increase in inbreeding depression (O'Brien, 1994; Buza et al., 2000) . Finally, seedling survival is considered one of the most critical stages in the life cycle (not only for threatened species) in Mediterranean and arid ecosystems (Escudero et al., 1999; Rey and Alcántara, 2000; Traveset et al., 2003) . In such habitats, seedling survival depends strongly on biotic interactions (such as competition and facilitation; Callaway and Walker, 1997) as well as on abiotic factors (e.g. stochastic rainfall patterns; Turner, 1990) .
Habitat fragmentation caused by human disturbance is currently considered one of the main factors reducing population viability of rare plants (Schemske et al., 1994) . Reduced size may subsequently affect the performance of small plant populations (Kearns et al., 1998) . In the Mediterranean basin in particular, over the last 30 years, coastal ecosystems have suffered a massive reduction of size and quality as a consequence of the disproportionate urban development (Greuter, 1995) . This process is particularly accentuated in the Balearic Islands due to dramatically increasing tourism (Mus, 1995) .
The present work focuses on the study of two endangered plant species of Helianthemum (Cistaceae).
Helianthemum marifolium (L.) Mill. is a small shrub distributed along the east and south Iberian Peninsula and on the Balearic Islands. All existing populations in the Balearic Islands belong to an endemic subspecies, H. marifolium subsp. origanifolium (Lam.) G. López (Alomar et al., 1997) . Such populations are located in coastal areas, mainly in the Pityusic islands (Eivissa and Formentera), at up to 100 m a.s.l., with a single population in the south-west of Mallorca. This population is close to Palma, the largest city of the island, and it is severely threatened by urban development. Helianthemum marifolium subsp. origanifolium and its habitat are protected by local and regional laws, and it is considered as 'vulnerable' according to the International Union for the Conservation of Nature (IUCN) (Alomar et al., 1997) .
The second species, H. caput-felis Boiss., is a rare small shrub distributed throughout the western Mediterranean (Balearic Islands, eastern Iberian peninsula, Sardinia, south Italy and North Africa). In the Balearics it is located only at coastal sites, in the south of Mallorca (Alomar et al., 1997) . Pujol (2001) recently reported a dramatic reduction of the Iberian Peninsula populations which he attributed to the direct pressure of coastal urban development. Fortunately, all Balearic populations are located in protected areas, making its local conservation status more favourable. Helianthemum caput-felis is included in the Annex of the Berne Convention (1991) and it is protected by European legislation (Habitats Directive, European Community 1992). It is categorized as 'rare' by the IUCN (Alomar et al., 1997) .
This paper aims to identify the critical stages in the life history of these two endangered species. The work of the present paper was included as a possible recovery plan for H. marifolium. Besides, the comparison with another related species, H. caput-felis, could be interesting because a priori both species may share the same reproductive limitations. Both species are related phylogenetically and live in similar habitats (Alomar et al., 1997) . The following questions are specifically addressed: (a) What is the flowering phenology of these two species? Does it vary between them? (b) Does the reproductive output of both species change under different pollen sources? (c) Does the pollinator assemblage and visitation rate differ between the two species? (d ) Do biotic (plant traits) and abiotic factors (sun exposure and year) influence their reproductive potential and seedling survival? The data gathered in this study will be useful for designing more adequate management and conservation practices for these two species.
M A T E R I A L S A N D M E T H O DS

Study species
Helianthemum marifolium subsp. origanifolium and H. caput-felis are perennial shrubs, with a height up to 35 cm. Flowers are arranged in inflorescences at the tip of new branches. For a summary of floral traits see Table 1 . Flowers are yellow and hermaphroditic, open at dawn and close at dusk, and have short lifespans (2-3 d for H. marifolium and 3-4 d for H. caput-felis; pers. obs.). The anthers are sensitive to touch and spread outwards when the flower is visited by pollinators (pers. obs.), a trait shown by other species in the genus (Proctor et al., 1996) . For both species, the main floral reward to pollinators is pollen (Herrera, 1992; Proctor et al., 1996) . Fruits are capsules that detach at maturation. Germination takes place in autumn, at the onset of the rainy season (pers. obs.). Seed germination varies widely for both species, being quite high for H. marifolium (73 %; Pons, 2002 ), but very low for H. caput-felis (4 %; Tébar et al., 1997) , despite the high seed viability of the latter (96 %; Tébar et al., 1997) . The low germination of H. caput-felis has been attributed to physical exogenous dormancy (impermeable coat), a widespread trait among the Cistaceae (Thanos et al., 1992) . (Table 1) , so inflorescences with at least three flowers were tagged, in order to quantify more accurately the flowering phenology.
Study sites
Breeding system
The reproductive biology of both species was examined in 2002 under controlled conditions. In October 2001, nine and eight adult plants of H. marifolium and H. caput-felis, respectively, were transplanted into pots filled with soil from the original localities and moved to an experimental greenhouse (free of pollinators) in Esporles (Mallorca). On each plant, four to 26 inflorescences (depending on availability on each plant) were randomly tagged and only one of the treatments assigned to each inflorescence (i.e. to every single flower on that inflorescence). To each treatment and species, one to seven inflorescences were assigned (both species), using 10Á0 6 0Á5 and 2Á9 6 0Á1 (mean 6 s.e.) flowers per treatment and plant (H. marifolium and H. caput-felis, respectively). The experiment was conducted as a complete block design, with the treatments nested within each plant. The treatments were (1) no manipulation (control or spontaneous self-pollination); (2) hand-pollination with pollen of the same flower (induced self-pollination), (3) hand-pollination using pollen from the same plant, but from another flower (individual geitonogamy) and (4) hand-pollination using pollen from a different plant (xenogamy). All flowers used for treatments 3 and 4 were emasculated before they had become receptive. Hand-pollinations were performed once on each a flower as it became receptive.
Fruits from all treatments were harvested as soon as they ripened (mainly during May) and dissected in the laboratory. In both species, and especially for H. caput-felis, both developed and undeveloped fruits remain attached to the inflorescence for long periods of time (pers. obs.), hence dissection was necessary to distinguish developed and empty fruits with certainty. To avoid the effect of inflorescence variation, fruits from all inflorescences within each individual plant and treatment were pooled, i.e. within-plant variation among inflorescences was ignored. 
Factors determining reproductive potential
A total of 50 plants of each species of Helianthemum were tagged on 15 March 2001, coinciding with those most used for phenology. For each plant, the plant size (average between the maximum and its orthogonal crown diameter) was measured to the nearest centimetre and recorded sun exposure ('sun' vs. 'shade'). Fruits of each plant (17Á6 6 2Á0 for H. marifolium and 26Á5 6 1Á2 for H. caput-felis, respectively) were collected to determine fruit and seed set in the laboratory. Fruit set was estimated afterwards by dissecting fruits and counting the total of developed fruits in relation to collected fruits. Developed fruits were then used to measure: (a) fruit mass (to the nearest 0Á1 mg), (b) seed mass (mean mass of one seed), (c) fruit length (to the nearest 0Á01 mm) and (d) seed set (i.e. number of seed per total number of ovules), since aborted ovules are easily distinguishable in both species. In 2002, total inflorescence and flower production per plant were also measured in both species (using a subsample of 50 inflorescences per plant to estimate flower production in H. caput-felis).
Seedling survival
In February 2001, 200 seedlings of H. marifolium and 240 of H. caput-felis were individually tagged in their natural populations, their maximum crown size and number of leaves measured, and their exposure to sun ('sun' vs. 'shade') recorded. As the age of the seedlings could not be determined, seedlings with more than ten leaves were not considered in order to exclude seedlings that were possibly 2 or more years old (pers. obs. 
Data analyses
The pattern of flowering phenology of both species was tested using failure-time analysis. A Cox proportional hazard regression model was fitted to the number of days between inflorescence tagging and the opening (receptivity) of each one of the flowers on the inflorescence. Using the parametric accelerated failure-time model, results were identical. Each individual plant was added as a random or 'frailty' effect in the model. Ties were estimated using the efron method, using the program S-Plus 2000 (Mathsoft, 1999) .
Unless otherwise stated, all further analyses were performed using the GENMOD procedure of SAS 9.0 statistical package (SAS Institute, 2000) . Differences between both species of Helianthemum in the number of receptive flowers at flowering peak was assessed by fitting a generalized linear model (GLIM) with a Poisson distribution and a logarithmical link function. Deviances from the model were scaled using the root-square of the ratio deviance/ degrees of freedom to correct the over-dispersion of data.
The effects of the different pollination treatments on fruit and seed set within each plant (i.e. proportion of flowers producing fruits, and the proportion of ovules producing seeds within each fruit) were analysed separately for each species, using GLIMs with binomial error distributions and logit link functions. As all pollination treatments were applied to each individual plant, a repeated measures design was used, with individual plant as random factor and treatment as (within-subject) fixed factor. For seed set, aborted fruits (without seeds) were excluded for further calculations and analyses. Whenever significant differences between treatments were detected, multiple pairwise contrasts were performed, using likelihood ratio statistics and Bonferroni corrections.
Differences in the number of pollinator visits and the number of flowers visited per visit per plant were assessed using GLIMs, with poisson distributions and a logarithmical link functions. Deviances from the model were scaled as above. For the number of visits, pollinator group, year and sun exposure were included as fixed factors and the number of receptive flowers per plant as continuous covariates. For the number of flowers visited per pollinator visit, pollinator group was included as a fixed factor and the number of receptive flowers as a continuous covariate. Flower handling-time per pollinator visit was tested using GLIMs, with normal distribution and a logarithmical link function. The independent variables were: pollinator taxon for H. caput-felis; year for H. marifolium. Only plants that were visited by pollinators were considered for this analysis. In all the previous analyses for pollinators, only differences between orders of flying insects were considered (Diptera vs. Hymenoptera), in order to have a big enough sample size. In these analyses each plant species was analysed separately.
Difference in reproductive traits in field conditions between years and sun exposure (fixed and independent variables) were tested separately for each plant species. Mean plant size was included as a covariate, performing a previous analysis to detect a homogeneity of slopes between independent variables and the covariate. These analyses were assessed with GLIMs, using binomial distribution and logit link functions for fruit and seed set, and normal distributions and logarithmical link functions for the rest of the variables (fruit mass, seed mass and fruit length). For further references to these analyses applied in an ecological context, see Herrera (2000) .
GLIMs were also used to analyse the potential effect of seedling size (number of leaves and maximum crown), year and sun exposure on seedling survival, using a binomial response variable and a logit link function. To choose between both continuous variables and evaluate whether (and which type) a model with heterogeneous slopes was required, all possible models were fitted using the various combinations of these variables and their interactions, and the best model selected based on their AIC (Akaike information criterion; estimates the variation explained by the model but penalizes for the number of parameters estimated by the model; see Akaike, 1973) . For this best model, significant factor effects based on type III likelihood-ratio tests were reported. These analyses were performed using STATISTICA 6.0 (Statsoft Inc., 2001) because this program can select the best model based on their AIC.
Unless otherwise stated, average values are reported as mean 6 standard error (61 s.e.).
RE SUL TS
Flowering and fruiting phenology
Helianthemum marifolium at Es Carnatge started flowering on 24 February and ended on 4 June, whereas H. caput-felis at Sa Ràpita began flowering on 25 March and finished by 11 May. Therefore, the flowering period is roughly twice as long in H. marifolium as for H. caput-felis (103 vs. 47 d, respectively). With regards to flowering pattern, flowers of H. marifolium showed a significantly lower chance of opening than flowers of H. caput-felis (index of flowering rate: À0Á675 6 0Á081; c 2 = 68Á9, d.f. = 1Á0, P < 0Á0001; Fig. 1 ), e.g. H. marifolium had a longer flowering phenology than H. caput-felis.
At the peak of flowering of both species (29 March in H. marifolium and 16 April in H. caput-felis), H. caput-felis Survival curves were fitted using the Kaplan-Meier estimation.
showed a significantly higher number of receptive flowers per inflorescence than H. marifolium (1Á4 6 1Á7 vs. 0Á4 6 0Á7; c 2 = 17Á07, d.f. = 1, P < 0Á0001), in spite of the higher flower production per inflorescence of H. marifolium (Table 1) .
Breeding system
Fruit set in H. marifolium differed marginally between treatments (c 2 = 6Á27, d.f. = 3, P = 0Á099): outcrossed flowers had a higher fruit set than the rest of the treatments (Table 2) . However, significant differences were not detected in seed set (c 2 = 5Á13, d.f. = 3, P = 0Á167). In H. caput-felis, pollination treatment did not affect fruit set or seed set, e.g. H. caput-felis produced the same number of seeds and fruits whether or not a pollinator visit took place (c 2 = 3Á44, d.f. = 3, P = 0Á329; c 2 = 6Á25, d.f. = 3, P = 0Á100, for fruit and seed set respectively).
Flower visitors
Helianthemum marifolium received a lower diversity of flower visitors than H. caput-felis (Table 3) . In both species, hymenopterans performed most visits (96 % in H. marifolium and 66 % in H. caput-felis), Apis mellifera being the foremost (92 % in H. marifolium and 64 % in H. caput-felis).
The number of pollinator visits was significantly affected by the year in both plant species (H. marifolium: c 2 = 9Á45, d.f. = 1, P = 0Á002; H. caput-felis: c 2 = 345Á9, d.f. = 1, P < 0Á0001), being higher in 2001 than 2002 (Fig. 2) . In H. marifolium, exposure to sun had only a marginal effect (sun: 0Á86 6 0Á12; shade: 0Á39 6 0Á11; c 2 = 3Á78, d.f. = 1, P = 0Á052) but not with the 'sun exposure' · year interaction (c 2 = 0Á98, d.f. = 1, P = 0Á322). In H. caput-felis, however, plants in shade received significantly more visits (1Á26 6 0Á27; c 2 = 7Á56, d.f. = 1, P = 0Á006) than plants in sun (0Á67 6 0Á10). For this species, differences between years were not tested due to the low number of visits in 2002 (n = 3); for this reason both years were pooled, the effect of year not being considered in further analyses. In separate analyses, the number of flowers visited was significantly different between pollinator groups (Hymenoptera vs. Diptera; c 2 = 4Á74, d.f. = 1, P = 0Á030) for H. caput-felis, being higher for Diptera than for Hymenoptera (2Á6 6 0Á4, n = 46 and 2Á1 6 0Á2, n = 90, respectively, both years pooled).
T A B L E 2. Fruit set (proportion of flowers that produced fruits on each plant) and seed set (proportion of flowers that produced seeds within each fruit) of H. marifolium and H. caput-felis for the different treatments in the hand-pollination experiment (mean 6 s. Treatments with the same letter do not differ significantly (likelihood pairwise contrasts; P < 0Á05). SelfS, not manipulation; SelfI, pollination with pollen of the same flower; Geit, hand-pollination using pollen from the same plant, but from another flower; Xen, hand-pollination using pollen from a different plant; n, number of pollinated flowers per treatment.
Mean values (1 6 s.e.) are shown for each treatment. In H. marifolium, virtually all pollinators were hymenopterans; hence, differences between pollinator groups were not tested. Helianthemum marifolium showed significant differences between years (c 2 = 3Á99, d.f. = 1, P = 0Á046), with 2001 having the greater visitation (2001: 2Á8 6 0Á3, n = 34; 2002: 2Á5 6 0Á2, n = 64).
Comparing the two pollinator groups in H. caput-felis, flower handling time was significantly higher for dipterans (40Á4 6 8Á7s, n = 46) than for hymenopterans (6Á8 6 0Á8s, n = 90; c 2 = 60Á40, d.f. = 1, P < 0Á001). In H. marifolium, differences between years were detected (c 2 = 20Á91, d.f. = 1, P < 0Á0001), i.e. hymenopterans showed higher handling times in 2001 (16Á4 6 20Á7, n = 34) than in 2002 (10Á0 6 1Á9, n = 60).
Factors determining reproductive potential
Reproductive traits varied between sun exposure for H. caput-felis but not for H. marifolium (Table 4) . Helianthemum caput-felis produced more inflorescences per plant, more flowers per inflorescence and larger fruits in sun-exposed plants.
However, these differences did not result in higher fruit or seed sets in plants located in sunny sites for either species (Table 4) . Considering differences between years, fruit set was significantly lower in 2002 for H. marifolium (2001: 0Á74 6 0Á06, n = 35; 2002: 0Á35 6 0Á02, n = 32), but not for H. caput-felis. None of the interactions between year and sun exposure were statistically significant.
Considering the effect of plant size on reproductive traits, inflorescence and flower production were significantly correlated in both species, and for fruit length for H. caput-felis and fruit set for H. marifolium (Table 4) . None of the reproductive variables showed a significant interaction between sun exposure and/or year with the covariate (plant crown), except for inflorescence and flower production for sun exposure (c 2 < 60Á18, d.f. = 1, P < 0Á001, for four analyses). In H. caput-felis, as would be expected, plants located in the sun showed a higher slope value in the correlation between plant size and inflorescence and flower production (i.e. as plant size increased, plants in the sun produced proportionally more inflorescences and flowers than plants under vegetation). However, H. marifolium showed an inverse trend: larger plants under vegetation produced proportionally higher numbers of inflorescences and flowers.
Seedling survival
Seedling survival varied significantly between years for both species (Table 5) , being three-to six-fold higher in 2002 for both species (Fig. 3) . Though sun exposure did not significantly affect in seedling survival in either species, a significant interaction between year and sun exposure was observed in H. marifolium (Fig. 3 and Table 5 ). As would be expected, maximum seedling crown was positively correlated with seedling survival in both species (Table  5) , while the number of leaves was positively correlated with survival in H. caput-felis seedlings ( 
D I S C U S S I O N
The reproductive stages studied for these two species of Helianthemum do not limit the plant reproductive performance of the populations and years studied. So, at least for the short and medium term, both species are able to persist in their natural populations. However, the variation between years detected in seed production, pollinator service and seedling survival, suggests that reproductive output may be affected in adverse years.
Helianthemum marifolium is self-compatible, but mostly an outbreeder, i.e. outcrossed flowers produced three times more fruits than self-pollinated ones (i.e. those receiving pollen from the same flower or plant). Helianthemum caput-felis shows a comparable fruit and seed set in selfpollinated and outcrossed flowers; hence, fruit and seed set do not depend on the pollen source. Previous studies have suggested that self-incompatibility is common in the Cistaceae (Herrera, 1992; Talavera et al., 1993) , and it is generally attributed to gametophytic incompatibility (Nettancourt, 1977) . Apparently, this mechanism does not operate so effectively in H. caput-felis (as suggested also by Tébar et al., 1997) .
The reliance on a single pollinator species in H. marifolium, where 95 % of the visits are performed by A. mellifera, increases the vulnerability of this species. However, A. mellifera is one of the most widespread and generalist insect pollinators (even as an alien species, in many ecosystems); hence, it is more reliable than most other pollinators (Richardson et al., 2000) . Considering each pollinator, hymenopterans visited more flowers per plant than dipterans. This does not necessary imply an increase of fruit and seed set, as it could favour geitonogamy and thus increase selfing rates. Such risk is higher for H. caput-felis, given its higher number of receptive flowers per day and higher self-compatibility. A comparable case has been described for Hormatophylla spinosa (Gómez and Zamora, 1996) . In this Mediterranean high-mountain shrub, 90 % of pollinator flights are produced among flowers of the same plant, suggesting that wind pollination may increase the outcrossing rate of this species. Although the flower handling time was five-to six-fold longer for dipterans than for hymenopterans, dipterans are unlikely to be more effective pollinators in H. caput-felis; instead, they rarely touch the stigma surface, often acting as pollen robbers (pers. obs.). Unfortunately, data about pollinator efficiency (pollen load) was not collected and this hypothesis cannot be verified.
The differences between years in plant reproductive performance (decreased fruit set in H. marifolium and seed set in H. caput-felis, both in 2002), are probably related to the lower number of pollinator visits observed that year, at least for H. marifolium whose reproductive output relies on crossing pollinations. Sun exposure appeared to affects flower production, but not reproductive output in H. caput-felis; sun-exposed plants produced a larger flower display, but the same fruit and seed set as shaded plants [similar to report by Herrera (1991) for Lavandula latifolia]. In contrast, the floral display of H. marifolium did not differ between sun exposure, but fruit set was higher in sunny sites; this difference cannot be explained by variation in pollinator visits, since these were not more frequent in sun-exposed sites.
Rainfall patterns determine one of the main resources affecting seedling survival in arid and Mediterranean regions (Fowler, 1988; Escudero et al., 1999; Traveset et al., 2003) . In the present study, higher seedling survival of both species coincides with one of the years with the highest rainfall (2002) . In contrast to other species (Rey and both species did not vary with exposure to sun. Larger seedlings of both species showed a higher summer survival rate, as has been previously observed in the congeneric H. squamatum, an endemic gypsophile from semi-arid Spain (Escudero et al., 1999) . In short, none of the factors controlling the reproduction of the two endangered species of Helianthemum are important for their reproductive performance. In other words, neither biotic or abiotic limitation affects the conservation of these two species. Instead, what seems crucial to explain their rarity is the increasing destruction of their habitat. A large part of the seacoast of the Mediterranean region has been degraded by tourism facilities (19 %); this effect is most dramatic in the island of Mallorca (48 %; Blondel and Aronson, 1999) . Thus, the preservation of such habitats is the most critical aspects in any strategies for the conservation of these two species and, more generally, of the Mediterranean coastal flora and fauna. 
